In Drosophila melanogaster, males engage in both extensive pre-and postcopulatory competition for the opportunity to mate with females and subsequently sire offspring. The selection pressure for increased male reproductive success has resulted in the evolution of a wide diversity of sexual traits. However, despite strong selection, individuals often exhibit considerable phenotypic variation in the expression of these traits, and it is unclear if any of this variation is owing to underlying genetic trade-offs. Here, using hemiclonal flies, we examine how male reproductive success covaries with their ability to induce long-term stimulation of oogenesis and oviposition in their mates, and how this relationship may change over time. We found that males from hemiclone lines with phenotypes that were more successful in a short-term reproductive 'scramble' environment were less effective at stimulating long-term fecundity in females. Furthermore, we observed that males from hemiclone lines which showed the most improvement over a longer reproductive interaction period also tended to stimulate higher long-term fecundity in females. Together, these results indicate the presence of genetic trade-offs between different male reproductive traits and offer insights into the maintenance of their variation.
Introduction
Individual variation in male lifetime reproductive success is influenced by the expression of many different traits associated with reproduction. While selection favours phenotypes that give males an advantage at siring more offspring, the expression of these traits may be constrained by trade-offs [1] . In many species where males have a fixed energy budget, increased investment into a specific reproductive phenotype may result in the reduced expression of another. For example, elaboration of pre-copulatory sexually selected traits (e.g. display traits or courtship efforts) may come at the expense of investments made into post-copulatory traits (e.g. sperm and seminal fluid production), and vice versa [1, 2] . Although many studies have examined how environmental factors may mediate these trade-offs [3] [4] [5] , few have focused on the potential constraints imposed by genetic factors, and how the effects of investment into different reproductive traits may be manifested in different competitive contexts. The presence of genetic trade-offs may constrain the evolutionary trajectory of species and may promote the maintenance of variation within the population [3] .
In fruit flies, Drosophila melanogaster, males court females using a combination of visual, acoustic, tactile and chemical signals [6] , and their postcopulatory success may be influenced by the (absolute and relative) number of sperm, and accessory gland proteins (Acps) that are transferred in the seminal fluid and affect female physiology and behaviour [7, 8] . Researching the relationship in the expression of these different reproductive traits helps illuminate how sexual selection may influence evolutionary trajectories. If reproductive phenotypes are constrained by trade-offs, we should expect to see negative genetic correlations between some of them [9] . In this study, we examined components of male lifetime reproductive success in two different reproductive contexts; first when competing against nine rival males for access to females in a long-term competitive environment where we measured success as the proportion of offspring sired on each of three consecutive days; and second in an assay where females were mated singly to males and we measured male-induced egg-stimulatory phenotypes. For both these assays, we used males from 26 'hemiclonal' lines [10] , where differences in average phenotype between lines reflect the presence of additive genetic variation [11] . By examining the correlation between these variables, we sought to gain insight into the presence of genetic tradeoffs in traits important for individual male reproductive success, manifested in different contexts. We predicted that we would observe a negative correlation, based on theory [1] , and some recent observations [12] (but see [9] for cautionary notes on this point). By quantifying paternity success on three consecutive days, we were also able to determine if the traits expressed by males from different genetic backgrounds influenced their reproductive success similarly over time, or exhibited temporal variation.
Material and methods (a) Fly stocks
All flies were descendants or derived from the wild-type population Ives (hereafter 'IV') which has been maintained under standardized conditions for hundreds of generations [13] and assays were designed to match as closely as possible the environment to which the flies had adapted. IV is a large, wild-type (approx. 3500 adults generation 21 ), outbred population, possesses considerable genetic variation and has been used in a variety of behavioural and genetic studies [13] . From this population we isolated, replicated and propagated 26 nearly complete haploid genomes which we expressed in a 'hemiclonal' state in a male genetic background (a random sample of wild-type haplotypes from the IV population) using established protocols ( [10, 13] ; electronic supplementary material). For our paternity success assay, we used flies from the IV-bw population, which is homozygous for the recessive bw 1 allele (resulting in a brown-eyed phenotype) which was introgressed (via repeated backcrossing) into the IV genetic background.
(b) Male competitive success assay
On day 10 of their culture cycle, we placed 9 IV-bw males and a single hemiclonal male (all socially and sexually inexperienced) into a standard Drosophila vial for 24 h before adding 10 similarly aged virgin IV-bw females into each of the vials. On each of the following three mornings, we transferred all flies (without anaesthesia) to vials containing fresh media before discarding them on the fourth day. We incubated all vials for 14 days then counted all enclosed offspring and classified them by whether they had been sired by the wild-type hemiclonal male or by one of the brown-eyed competitors. Male reproductive success was quantified in this way for all 26 hemiconal lines, with 12 replicates per line. We calculated the mean proportion of offspring sired by males from each hemiclone line for each of the 3 days of the assay and computed the mean differences in paternity success between days.
(c) Female fecundity assay
On day 11 of their culture cycle, we combined sets of 25 virgin IV females with sets of 50 male hemiclones (from the same line) in the females' natal vials for a period of 180 min, which is enough time to ensure all females have mated only once (D.C.S. Filice, T.A.F. Long 2014, personal observation). We then removed males and returned the vials of females to the incubator for 45 h. Next, we transferred each female into an individual test-tube (containing approximately 3 ml of fresh media) for 18 h, discarded the females and immediately counted the number of eggs oviposited in each test tube. We replicated this assay in two blocks for each of the 26 hemiclone lines (see [13] , electronic supplementary material). We collected, froze and later dried and weighed all males on a Sartorius M5 microbalance to the nearest 0.001 mg.
Results
Across the 26 hemiclonal lines, we observed a significant negative correlation between a mean paternity success on the first day of the competitive success assay and the magnitude of the male-induced female egg-stimulatory phenotypes (Spearman's rho ¼ 20.4, S ¼ 4096, p ¼ 0.044; figure 1) . However, we found no significant correlation between mean male effect on female fecundity and paternity success on the second (Spearman's rho ¼ 0.097, S ¼ 2642, p ¼ 0.637) or third (Spearman's rho ¼ 0.016, S ¼ 2878, p ¼ 0.939) days of interaction.
Male hemiclone line, assay day and their interaction were all found to be significant factors in determining male paternity success (table 1; figure 2) . When examining the change in male paternity success across the 3 days of the mating assay, we found that the net change in a hemiclone's mean paternity success between day 1 and day 2 of the assay was positively associated with its mean effect on female fecundity (Spearman's rho ¼ 0.457, S ¼ 1588, p ¼ 0.02; electronic supplementary material, figure S1a), as well as the change rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180474 between days 1 and 3 (Spearman's rho ¼ 0.499, S ¼ 3136, p ¼ 0.01; electronic supplementary material, figure S1b). We detected no significant correlation between the change in paternity success between days 2 and 3 and the magnitude of the male-induced female fecundity (Spearman's rho ¼ 20.072, S ¼ 3136, p ¼ 0.726), nor any significant correlation between mean male mass and any of the variables examined (all p . 0.05; electronic supplementary material, table S1).
Discussion
The outcomes of male-male competitive interactions (both in pre-and post-copulatory arenas) in D. melanogaster greatly influence variation in individual male reproductive success and thus the strength and direction of selection acting on many traits. In some cases, the expression of these traits may be limited by trade-offs between one another. In this study, we set out to examine how these trade-offs are manifested and their implications for understanding the selection acting in this model species. As predicted, we observed a negative genetic correlation between a hemiclonal line's average paternity success (measured on the first day of a multi-day competitive assay) and its effect on female oviposition after a single mating. This suggests that some of the phenotypic traits associated with reproductive success may be constrained by trade-offs that are shaped by an individual's genotype, where the increased expression of (some) pre-copulatory traits that are important in securing matings with females are traded-off against others whose effects are manifested post-copulation. On the first day of the assay, when males first encounter virgin females, variation in mating success is probably owing to differences in how quickly they can locate and successfully court females [14] while avoiding interference from competitors [15] . There is less of a role for post-copulatory competition or choice on this first day if females do not remate (in IV only approximately 40% of females remate in the first 24 h [16] ). It is possible that males from hemiclones lines who are less successful in securing mates during this 'scramble competition' may instead be expressing traits that have the effect of boosting their mate's fecundity. However, the fact that this correlation was only observed when considering the male's success on the first day of interaction suggests that the relative importance of the phenotypes involved change over time. Over the course of the second and third day of the assay as females have the opportunity to interact with more males, and begin remating (multiply), there is a greater opportunity for post-copulatory sperm competition and/or cryptic female choice to influence paternity outcomes. Under such circumstances, investment into post-copulatory traits may be more important, and consequently, individuals who possess genotypes that produce such phenotypic elaborations may have a selective advantage. Consistent with this hypothesis, we observed a significant interaction on paternity success between hemiclone line and day, and that hemiclonal males which improved upon their day 1 paternity success the most over the course of the next 2 days also induced higher fecundity in their mates. An alternative explanation for the negative correlation described above is that there may be differences between hemiclonal lines for the absolute amount of investment made into traits involved in reproductive competition [9] . However, we did not observe any significant correlations among the 26 hemiclonal lines between either component of mating success and mean body mass, suggesting that differences in resource acquisition and availability were not responsible for the patterns observed (see the electronic supplementary material). In D. melanogaster, more reproductively successful males also tend to inflict the greatest harm to their mates [17] , owing to the damage arising from harassment during courtship and copulation [18] or as a side-effect of the Acps transferred in their ejaculate [19] . In this species, there is a strong risk of sperm competition (and considerable last male sperm precedence) which favours the evolution of damaging mating tactics [20] in order to selfishly increase male paternity share. In such a situation, individuals whose phenotype yielded the most reproductive success on the first day of the assay also caused females to be less fecund later in life. This may also explain the observed positive correlation between variation in long-term female fecundity, and the day-over-day changes in paternity success if the less harmful males gain more offspring later on in the assay as the females they have mated with are in better physiological condition. Another possibility is that males may have different effects on their mates' subsequent mate choice behaviours (e.g. [21] ). In this study, we showed that males who have the greatest impact on their mates' fecundity become less attractive to females after a single mating, which may explain a reduced paternity share on days 2 and 3. Future tests examining other traits (such as sperm competitive ability, male attractiveness and male-induced effects on female remating rates) will potentially help resolve the mechanisms contributing to these patterns. Overall, our research highlights the dynamic nature of individual male reproductive success, and how the presence of additive genetic variance contributes to variation within populations and over time. Within a population, males will encounter different challenges, which may favour the evolution of different reproductive strategies and traits. If there are genetic trade-offs between different sets of male traits, selection, acting differently in the pre-and post-copulatory arenas, may contribute to the maintenance of variation in these traits (see [3] ). It is important for future studies to consider that the metric used to assay fitness may be biased towards a single male strategy, while in nature, trade-offs may help maintain a variety of mating strategies.
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